dynamics, and activities can be influenced by intracellular viscosity, molecular crowding, and specific or non-specific interactions with biomolecules, [2] [3] [4] [5] [6] [7] [8] [9] [10] protein behaviors in cells may be different from those in a dilute, homogeneous solution. In-cell NMR spectroscopy 11 is a promising non-invasive technique to investigate the 3D structures, [12] [13] [14] interactions, 15, 16 dynamics, [17] [18] [19] and stabilities 20, 21 of biomolecules at the atomic level in living prokaryotic and eukaryotic cells. However, most in-cell NMR studies have the potential concern that the protein behaviors in cells can be influenced by cellular damage under the unregulated cell culture conditions. In a typical in-cell NMR experiment, cells exist in an anaerobic highdensity suspension (approximately 1 Â 10 8 cells per mL) within the sample tube, in which nutrients can be rapidly depleted. Thus, many of the cells die within a few hours, in most cases. Therefore, in-cell NMR experiments must be completed in a very short time, to avoid protein leakage from dead cells. 22 26 The bioreactor system for in-cell NMR studies is quite critical for promoting cell survival and eliminating contamination of leaked isotope-labeled proteins from the sample. However, the means by which this improvement contributes to the protein folding state at an atomic level remain enigmatic.
In this study, we investigated the correlation between the cellular health conditions and the protein folding state in living mammalian cells, by using in-cell NMR spectroscopy with the bioreactor system. As a probe, we selected human adenylate kinase 1 (hAK1), which is a cytosolic enzyme catalyzing the reversible phosphoryl transfer reaction of adenine nucleotides in cells. 27 The structure of adenylate kinase, which is conserved from bacteria to human, 28 Fig. 1F ), which is a characteristic pattern of partially or fully unfolded proteins. 34, 35 These results suggest that the deterioration in the cellular health conditions due to the unregulated cell culture can be related to the spectrum change into a poorly dispersed pattern, that is, the proteins unfolded during the in-cell NMR experiments. We expected that hAK1 could maintain the folded conformation in HeLa cells by avoiding the stressful culture conditions with the use of the bioreactor system. It is indeed an excellent method for in-cell NMR experiments. However, it was difficult to reproduce the method as reported, especially with respect to the cell immobilization by gel encapsulation, which required high technical skill or an additional apparatus. Therefore, we employed the centrifuge-based alginate gel encapsulation method 36 for cell immobilization (Fig. 2A) . The device was composed of commercially available components: a 15 mL centrifuge tube, a 1 mL syringe, a non-bevel needle, and a plastic holder. This method allowed us to easily obtain cell beads with highly reproducible sizes and distributions. Fig. 2B illustrates the schematic overview of our bioreactor system for in-cell NMR experiments. Gel encapsulated HeLa cell beads were packed into the custom-built NMR tube, and a culture medium was supplied to the HeLa cell beads from the bottom, through the tip of the custom-built inner tube made from a Pasteur pipette.
We evaluated our bioreactor system by performing an in-cell NMR experiment with a 15 N-labeled human ubiquitin derivative harboring three alanine mutations (Leu8, Ile44 and Val70, designated as hUB-3A) 20 in HeLa cells. A previous study demonstrated that the hUB-3A delivered into HeLa cells via the cellpenetrating-peptide mediated technique was homogenously distributed in the cytosol of the cells, resulting in good in-cell NMR spectra. We confirmed that the hUB-3A delivered by electroporation into HeLa cells was distributed similarly to the previous study (Fig. S2 , ESI †) and it exhibited the most fully resolved in-cell NMR spectrum (Fig. S3 , ESI †), demonstrating that our bioreactor system is applicable to in-cell NMR experiments. The hAK1 in HeLa cells with our bioreactor system exhibited a relatively well-resolved NMR spectrum at least for 12 hours (Fig. 3A) , although several cross-peaks disappeared by signal line broadening, as compared with the in vitro reference (Fig. 3C) , demonstrating that hAK1 adopts a folded conformation in HeLa cells during the in-cell NMR experiment. In contrast, the cross-peak pattern of hAK1 was poorly resolved in gel encapsulated HeLa cell beads without a fresh medium supply and resembled that in a high-density cell suspension (Fig. 3B) , indicating that the deterioration in the cellular health conditions is due to the unregulated cell culture induced significant spectral changes. Since hAK1 maintained the folded conformation in HeLa cells with our bioreactor system, as mentioned above (Fig. 3A) , we hypothesized that a stress induced denaturation of hAK1 in HeLa cells occurs under the unregulated culture conditions due to a simple acid denaturation (Fig. 3D ) or a combination of various physicochemical properties under the stressful cellular environment, for example, cytosolic acidification, quinary interactions of bio-macromolecules, 37 and so on. hAK1
may translocate into lysosomes with a luminal pH between 4.5 and 5.0, 38 possibly via the chaperone-mediated autophagy (CMA) mechanism. 39 Most of CMA substrates reportedly contain a peptide sequence biochemically related to KFERQ (KFERQ-like motif), which is recognized by the heat shock protein Hsc70. In fact, hAK1 contains a KFERQ-like sequence ( 26 EKIVQ 30 ), which hUB-3A does not have in turn. Therefore, hAK1 translocation into lysosomes under the stressful cellular environment may be feasible. A combination of various physicochemical properties under the stressful cellular environment may also induce the denaturation of hAK1. In addition to cytosolic acidification (Fig. S3 , ESI †), some denaturation agent is likely to contribute to cause the effect similar to urea denaturation, which could not be simply explained by the macromolecular crowding effect (Fig. S4, ESI †) . We subsequently investigated the folding state of hAK1 located in the cytosolic space in HeLa cells, by using the in-cell NMR with our bioreactor system. As demonstrated in the previous studies, 30, 31 hAK1 mainly adopts two conformations in vitro: the open substrate-free form (Fig. 4A ) and the closed substratebound form (Fig. 4B) . The cross-peak pattern of hAK1 in HeLa cells is basically the same as that in the ATP saturated state in vitro, although several in-cell NMR cross-peaks are broadened and a few of them exhibited different chemical shifts from the corresponding ones in either the ATP saturated or the unsaturated state ( Fig. 4C and D) . This indicates that the hAK1 in HeLa cells basically binds adenine nucleotides in the closed conformational state. The delivered hAK1 concentration in HeLa cells was estimated to be on the order of 50-60 mM, based on the NMR signal intensities of 15 N-labeled-hAK1 in the cell lysate. The intracellular ATP concentration in mammalian cells 40 is typically on the millimolar order, in large excess over the delivered hAK1 in HeLa cells, coinciding with our results. In contrast, a recent study on E. coli adenylate kinase (ecAK) demonstrated that it adopted the open substrate-free conformation in E. coli cells, 41 although the intracellular ATP concentration in E. coli is similar to that in mammalian cells. 42 This suggests that more free ATP exists in the cytosol of mammalian cells than in E. coli cells, because a recent study also demonstrated that ecAK can form the closed substrate-bound conformation by administering a ribosome inhibitor and increasing the free ATP concentration in E. coli cells. 41 As mentioned above, some of in-cell NMR signals of hAK1 exhibit different chemical shifts from those in either the closed or the open conformational state in vitro ( Fig. 4C and D) . This suggests that the details of the substrate-bound conformation and/or physicochemical properties of ATP, 10 namely the hAK1 activity such as enzymatic turnover, are different from those in the diluted solution. In summary, we have demonstrated using in-cell NMR that the conformational state of hAK1 in HeLa cells is dramatically influenced by the cellular health conditions. By maintaining a continuous fresh medium supply with our bioreactor system, hAK1 remained in the functional, closed substrate-bound state in HeLa cells. The stressful culture conditions in the highdensity cell suspension induced its conformational change into a partially or fully unfolded state. When investigating protein behaviors in cells by in-cell NMR, the proper regulation of the physiological conditions of the cells is crucial. This work provides a critical guide to in-cell NMR analyses, not only for protein structural analyses at an atomic level in mammalian cells but also for their potential applications in the future, such as drug candidate screening and molecular diagnoses of biopsy samples.
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